Background: T2 mapping and DWI are newly quantitated method for disk degeneration assessment; they were used in the determination of an early stage of intervertebral disk degeneration. T2 mapping was quantitatively sensitive for detecting the early stage and aging-related changes in intervertebral disk degeneration. Furthermore, T2 mapping and apparent diffusion coefficient values (ADC) in lumbar intervertebral disks indirectly correlated with the Pfirrmann grades in IVDD and age-related disk degeneration. The aim of this study is to evaluate the sensitivity of T2 mapping and apparent diffusion coefficient in the determination of an early stage of intervertebral disk degeneration. Results: T2 relaxometry values were found to decrease with the increased disk degeneration except in grade V where it was found to be increased again. There was a negative correlation between T2 values and semiquantitative grading (Pfirrmann Grading) of disk degeneration and T2 values were significantly different when comparing grade I to V. A T2 value of nucleus pulposus (NP) was more sensitive than annulus fibrosus (AF) and entire of the disk. ADC values were found to decrease with the increased degree of disk degeneration; there was a weakly significant negative correlation between age and T2 mapping values, ADC values of nucleus pulposus, and entire of disk.
Background
Lower-back pain was considered as one of the most common causes of limitation of activity in patients younger than 45 years. The lifelong prevalence of lower-back pain is up to 80%, leading to countless costs due to treatment and work absence [1] . Degenerative disk disease (DDD) was regarded as the most common cause of lower-back pain [2] .
Intervertebral disks formed of two distinct components. The nucleus pulposus was well hydrated; incompressible with gelatinous consistency surrounded by a more rigid ring of fibrous collagen called the annulus fibrosus disks in young health individuals were usually well hydrated. Degeneration of the disk was best seen on T2W images [3, 4] .
Piffirmann et al. [5] were classified disk degeneration based on combination of a lot of factors as: disk structure, ability to differentiate between the nucleus pulposus and the annulus fibrosus, signal pattern, and the height of intervertebral disk [6] .
Standard conventional magnetic resonance (MR) protocols of the spine include sagittal T1-weighted spin-echo (SE) or fast spin-echo (FSE); sagittal and axial T2weighted FSE sequences were used for evaluation of the disks structures but we were in need for a quantitative method to evaluate the molecular composition and structural integrity [7, 8] .
Recently, multiple quantitative MRI techniques had been used for evaluating the intervertebral disk, combined application of T2 mapping and diffusion-weighted image (DWI) as both of them related to proteoglycan and water content of the disk had potential value in improving diagnostic sensitivity and accuracy [9] .
T2 mapping had been used to assess the spine as it had the ability to evaluate quantitatively the deterioration of the molecular composition and integrity of structure of the intervertebral disks [10] . T2 relaxation times sequence was firstly used to evaluate the knee articular surface and then trials made to apply it to the intervertebral disk (IVD) as it was highly sensitive to water content and the arrangement of the collagen structure. It also affected by the dipolar interaction between the disk molecules because of the anisotropic motion of water molecules in the collagen matrix [11] .
Another promising tool for noninvasive disks molecular evaluation was diffusion-weighted image (DWI) as the spinal disk was an avascular structure and depended on diffusion for its nutrition, so the degenerative disk disease may affect molecular diffusibility [12, 13] .
T2 and apparent diffusion coefficient (ADC) mappings are two newly quantitative MR imaging tools used for assessing early disk degeneration [14] . We tried to study the relationship between both imaging tools and intervertebral disk degeneration (IVDD) aiming for early diagnosis and hence improve management as early detection of disk degeneration will improve the treatment and may prevent invasive management techniques.
Methods

Patient populations
Prospective study was conducted upon 60 patients and 30 normal volunteers (control group) with nearly the same sex and age that were referred to the MRI unit. Patients were examined in the period between May 2017 and May 2018. The study was approved by the hospital ethical committee and all patients and volunteers agreed to participate in the study.
Inclusion criteria
Patients aged more than 20 years with the presence of significant low back pain, leg numbness, and tingling for more than 3 months severe enough to require medical consultation or treatment. Volunteers were included aged more than 20 years and had no symptom with normal morphological criteria of the disks on conventional MRI study.
Exclusion criteria
Patients younger than 20 years, patients with IVD infection whatever the etiology, patients with blood disease affecting the vertebra, spine tumor and previous back surgery, and any abnormal signals affecting the vertebra or the IVD were excluded. Any contraindication to MRI (patients had any metallic prosthesis as a pacemaker and cochlear implants).
Patients preparations
Patients were instructed to remove all ferromagnetic objects like metallic objects and were instructed about the importance of being calm with no motion throughout the time of examination. We obtained informed consent from all patients and healthy volunteers. Any expected risk was explained, and the privacy of all patients' data was guaranteed. Proper history taking was done as regard name, age, sex, job, and present symptoms as low back pain and duration of pain.
Image acquisition
All patients were subjected to an MRI examination performed by 1.5 Tesla G.E Machine. Patients were instructed to remain in the supine position with their legs extended and relaxed. Spin-echo sequences were acquired in the sagittal plane to generate quantitative T2 mapping; to remove the possible role of diurnal disk hydration changes, all studied cases underwent imaging in the afternoon. MR scanning sequences were T2WI, sagittal T2 mapping and DWI, ADC map, and quantitative DWI analysis (ADC measurement).T2WI was done in the sagittal plane with the following parameter: TR 4.00 ms, TE 102 ms, slice thickness 5 mm, field of view 28 cm, matrix 512 × 512. DWI single-shot, spin-echo echoplanar imaging (SE-EPI) sequences with fat suppression were utilised with TR/TE = 4.00/63 ms. Diffusion gradients of two b values, b 0-0 and b = 600 s/mm. Field of view 28 cm, slice thickness 5 mm, matrix 256× 256. T2 mapping was obtained in sagittal view with the following parameter TR/TE = 1000/8 ms, the number of excitations (NEX) = 2, flip angle 180°, matrix 256× 256, slice thickness 5 mm.
Data analysis
Five lumbar disks (L1/L2-L5/S1) in each case were firstly classified with visual inspection using the midsagittal T2W image as a reference. The criteria set forth by Pfirnmann et al . [5] (Grade I: normal to grade V: advanced degeneration with collapsed disk space) were as follows:
Grade I: disk is homogeneous with bright hyperintense white signal intensity and normal disk height Grade II Disk is inhomogeneous, but keeping the hyperintense white signal Nucleus and annulus are clearly differentiated, and a gray horizontal band could be present Disk height is normal Grade III Disk is inhomogeneous with an intermittent gray signal intensity Distinction between nucleus and annulus is unclear Disk height is normal or slightly decreased Grade IV Disk is inhomogeneous with a hypointense dark gray signal intensity There is no more distinction between the nucleus and annulus Disk height is slightly or moderately decreased Grade V Disk is inhomogeneous with a hypointense black signal intensity There is no more difference between the nucleus and annulus The disk space is collapsed All images were graded by two experienced radiologists (10 and 15 years of experience with MRI). Both observers had experienced in musculoskeletal MRI regions of interest (ROI) selection (at least 1 year experience). Both observers 1 and 2 repeated the same analysis to evaluate intraobserver agreement 1 month apart independently. Observers graded disks according to the improved Pfirrmann IVD degeneration grading standard.
Data processing and post-processing
Diffusion-weighted imaging and T2 mapping were transferred to the workstation (advantage window 4, 7) where they converted to color-coded map images automatically by the loaded program depending on the color mapping images. In T2 mapping, healthy nucleus pulpous usually appear blue and annulus fibrosus appear green and mean values for the regions of interest were set as T2 values.
Five lumbar intervertebral disks were manually segmented, encompassing the complete nucleus pulposus and annulus fibrosus and taking care not to segment the subchondral bone and vertebral endplate.
In midsagittal slice, areas of interest were delineated along the disk contours by application of the spherical regions of interest tool. The nucleus region of interest was placed in the most central area of the disk. The annulus regions of interest were positioned in the most anterior portions of the disk. A clear separation of nucleus pulposus and outer annulus fibrosus was not possible especially for degenerated disks.
All regions of interest were selected on the conventional images and transferred via copy and paste into the T2 maps ADC map. ADC maps were calculated automatically with the MRI system and ADC values were expressed in square millimeters per second.
Statistical analyses
All statistical analyses were performed using SPSS Version 2. T2 values and ADC values were statistically described in terms of mean ± standard deviation (± SD). One-way ANOVA was used to detect significance between ADC values and T2 relaxation values of different degeneration grades. Pearson correlation coefficient was utilized to measure the correlation between ADC values and T2 values with Pfirrmann grade. Linear regression analysis used to correlate T2 relaxation values and ADC values with age. Finally, receiver operating characteristic ( ROC) curves were drawn and the area under the curves (AUC) and the cut-off values were calculated; p < 0.05 was considered statically significant.
Results
This study was conducted upon 60 patients (30 males and 30 females) and 30 healthy volunteers (20 male and ten females); patient's age ranged between 35 and 62 years with mean age 47.5 ± 7.8 years while volunteer's age were 33-55 years. Both patients and volunteers performed conventional MRI lumbar spine and complementary sagittal T2 mapping and diffusion-weighted imaging. No statically significant difference was observed between the age and sex of both patients and volunteers (p value > 0.05), the inter-and intraobserver reliability between the two readers 1 and 2 who draw the (ROI) were non-significant in T2 mapping and DWI; there was significant difference (p value < 0.001) between the patients and control group in both central and all disk T2 mappings and DWI, while no significant difference in the peripheral part of the disk in both T2 mapping and DWI with (p value 0.013 and 0.43) respectively.
Descriptive analyses of the studied disks
The whole number of pathological disks were 300; T2-weighted image-based Pfirrmann grade classification of IVD disks were Pfirrmann grades PG I 34 (11.3%), PG II 72 (24.0%), PG III 86 (28.7%), PG IV 86 (28.7%), and PG V 22 (7.3%).
T2 mapping and ADC mapping findings
In T2 mapping, the nucleus pulposus T2 relaxometry values were decreased with increasing Pfirrmann grades and T2 values were significantly different when comparing grade I to V with p < 0.001 using one-way ANOVA ( Table 2) . Also statistically significant difference was found between the T2 relaxation time of annulus fibrosus and entire disk between different grades with p < 0.001 using one-way ANOVA ( Table 1 and Fig. 1 ).
In the nucleus pulposus, annulus fibrosus, entire of the disk ADC values were inversely correlated with Pfirrmann grades and ADC values were significantly variable when (See figure on previous page.) Fig. 1 Female patient 55 years old presented with low back pain referred to left leg for 9 months. a Sagittal T2WI of lumbar spine showing: L3/L4 heterogeneous, intermediate signal intensity, unclear nucleus-annulus distinction, normal to slightly decreased disk height (grade 3). L4/L5 Heterogeneous, intermediate to hypointense signal, lost nucleus-annulus distinction, moderately decreased disk space (grade 4). L5/S1 heterogeneous, hypointense signal, lost nucleus-annulus distinction, collapsed disk space (grade 5). Sagittal color coded post processing T2 mapping (b-d) and (e-g) of most degenerated disks L4-5 and L5-S1 respectively, sagittal post processing ADC mapping (h-j) and (k-m) of same respectively with ROIs placed on nucleus pulposus, annulus fibrosus and entire of the disks and the values tabulated as follows: comparing grades I to V with p < 0.005 using one-way ANOVA as seen in Table 1 and Fig. 2 .
Correlation between PG and different parameters (T2 mapping and DWI)
Correlation test showed a moderate negative correlation between Pfirrmann grade and T2 relaxation rates in the nucleus pulposus and entire of the disk; nucleus pulposus NP (rs = − 0.583) and entire of the disk (rs = − 0.472). Weak negative correlation was also noted between Pfirrmann grade and T2 relaxation rates in annulus fibrosus (rs = − 0.214).
Regarding ADC mapping, negative correlation between Pfirrmann grade and ADC values in the nucleus pulposus and entire of the disk, NP ( rs = − 0.427) and entire of the disk (rs = − 0.448). Weak negative correlation was also noted between Pfirrmann grade and ADC values in annulus fibrosus (rs = − 0.199) as shown in Table 2 and Figs. 3 and 4.
Correlation of T 2 and ADC values with age
There is a significant negative correlation for both T2 and ADC values in nucleus pulposus (p = 0.002 and p = 0.018; respectively) and entire of the disk (p = 0.015 and p = 0.16; respectively) with no significant correlation between age and values in annulus fibrosus of both (p = 0.172 and p = 0.494; respectively) as shown in Table 3 .
The ROC analyses of T2 mapping and DWI
Receiver-operating characteristic analysis (ROC) between each grade in the nucleus pulposus with the cut-off values of T2 values as shown in Table 4 and Figs. 5, 6, 7, and 8.
Receiver-operating characteristic analysis between each grade in the nucleus pulposus with the cut-off values of ADC values was shown in Table 5 and Figs. 5, 6, 7, and 8.
Discussion
Pfirrmann scoring system for classification of degree of disk degeneration based on sagittal T2WI [5, 15] was commonly used as a standard in research and clinical applications [16, 17] . It was a subjective estimation and considered as a semi-quantitative assessment of IVDD in vivo. Our study aimed for more quantitative evaluation of IVDD depending upon the biochemical changes in disks by correlation between the Pfirrmann grades and both T2 mapping and ADC values to define which technique is more sensitive in detecting the early stage of IVDD.
Those new techniques were applied to assess patients with lumbar disk degeneration at different stages. Both T2 mapping and ADC maps were acquired for central (NP), peripheral (AF), and entire of the disk then analyzed separately; images were acquired in a sagittal plane so that the five lumbar disks were analyzed in a single plane.
(See figure on previous page.) Fig. 2 Male patient aged 45 years old presented with low back pain referred to left leg for 6 months. a Sagittal T2WI of lumbar spine showing: L4/L5 heterogeneous, intermediate to hypointense signal, lost nucleus-annulus distinction, moderately decreased disk space (grade 4). L5/S1 heterogeneous, intermediate to hypointense signal, lost nucleus-annulus distinction, moderately decreased disk space (grade 4). Sagittal color coded post processing T2 mapping (b-d) and (e-g) of most degenerated disks L4-5 and L5-S1 respectively , Sagittal post processing ADC mapping (h-j) and (k-m) of same respectively with ROIs placed on nucleus pulposus, annulus fibrosus and entire of the disks and the values tabulated as follows: The T2 value in IVD was mainly affected by both rotational and translational motion of water molecules in the collagen matrix [10, 18, 19] . On the other hand, ADC value was sensitive to water content in tissues but did not detect the translational motion of protons at the microscopic level [20] . Thus, ADC value may not be as accurate as T2 relaxometry in evaluating water and collagen content, although it indirectly allowed evaluation of disk-matrix integrity [21, 22] .
In our work, we found that T2 mapping and ADC values in the central and all disk values were significantly lower between the IVDD patients and volunteers (p value < 0.01) while no significant difference in the peripheral portions; this matched with the results of Huang The mean age of examined patients in this study was 47.5 years old while in the study reported by Zhao F et al. [24] , the mean age of affection was 54.4 years old. No significant difference in our study between males and females was found; this result was matched with a study done by Xiong X et al. [25] .
In this study, percentage of disks was classified into Pfirrmann grade I (11.3 %), grade II (24%), grade III (28.7%), grade IV (28.7%), grade V (7.3%) while Stelzeneder D et al. [26] reported that six disks (1.8%) were classified as grade I, 189 (57.3%) as grade II, 96 (29.1%) as grade III, 38 (11.5%) as grade IV, and one disk (0.3%) as grade V.
The mean T2 values in our study in NP were higher than the means of T2 values of AF; this is symmetrical with the study done by Shen S et al. [27] who explained that by higher contents of water and proteoglycan [28] .
Our study stated that T2 relaxometry values were found inversely proportional to the extent of disk degeneration except in grade V it was found to be increased again; this is in concordance with the study by Niu G et al. [29] . Pandit P et al. [30] explained that as disk degeneration causes a decrease of glycosaminoglycan which leads to loss of water and hence dehydration of the disk and these effects were more evident at NP compared to AF. The mean T2 value of the NP region in our study ranged from 133.06 ± 32.85 to 109.18 ± 33.82 ms, normal. This agreed with Niu G et al. [29] .
That reported values ranged from 166 ± 23 to 59 ± 10 ms normal to degenerated disks respectively. The difference in values may be due to difference of age of population selected in this study, so there was a negative correlation between T2 values and semi-quantitative grading of disk degeneration which matched with the results of Marinelli NL et al. [20] . . There was also difference in the degree of correlation in NP (r = − 0.583; p ≤ 0.001), AF (r = − 0.214; p = 0.009) and entire of the disk (r = − 0.472; p ≤ 0.001) in concordance with previous studies which showed negative relationship between T2 values and disk degeneration [20, 31, 32] . Marinelli NL et al. explained these variations due to biochemical compositions and histologic changes with degeneration, reflected with differences in the degree of correlation in each region; upon this negative correlation, we conclude that a T2 value of nucleus pulposus is more sensitive than annulus fibrosus and entire of the disk.
The area under the curve values (AUC) for T2 in our study were all within the moderate accuracy range (0.7-0.9) except grade I:II that was indicating that T2 valuebased grade scale is useful for evaluation of degenerative degree of intervertebral disk with high degree of objectivity in comparison to traditional Pfirrmann grading system based on visual assessment.
In our literature, we studied T2 cut-off value of NP between grade I and II, which was found to be ≤ 164 ms with sensitivity 97.2% and specificity 35.2%. The value between grade II and III was ≤ 104 ms with sensitivity 60.4% and specificity 83.3%. Between grade III and IV, the value was ≤ 93 ms with sensitivity 88.3% and specificity 65.1%. Between grade IV and V was > 93 ms with sensitivity 63.6% and specificity 88.3% as described before that T2 values tends to increase in grade V after decrease in grades from I to IV. Takashima et al. [33] reported that T2 cut-off value between grade I and II was found to be 116.8 ms, between grades II and III was > 92.7 ms, between grades III and IV was > 72.1 ms, and between grades IV and V was 72 ms. ADC is a quantitative parameter calculated from diffusion-weighted imaging, is sensitive in detecting the diffusibility in tissue at molecular level [34] . Previous studies had demonstrated that decreased diffusion was associated with a decrease in nutrient supply in IVDD [12] , so ADC mapping could help to reflect the early degenerative changes of disk composition and any subtle changes in its integrity [35] ; however, the signal intensity of T2WI in the disks were found to correlate with the ADC values [16] .
Our study result for the mean ADC values in NP was (1.82 ± 0.29 and 1.72 ± 0.25 ms) for grades II and III respectively that were matched with those reported by Yu H.J et al. [36] who found mean ADC in NP (1.89 ± 0.08 and 1.65 ± 0.2 for grade II and III respectively); this difference may arise from that ADC values tend to decrease with the increase of the Pfirrmann grade and age in our study. In our study, mean ADC values in the NPs were lower than those reported in studies by Kealey SM et al. [37] and Niinimaki J et al. [16] who used also the sagittal plane for diffusion-weighted imaging that may be due to different age of group population.
The ADC values in grade IV and V in this study were more than what Yu H.J et al. detected [36] ; this might be due to dissimilar composition of the patient population.
Niu G et al. [29] , Yu H.J et al. [36] , and Chen P et al. [38] found a negative correlation between ADC values and Pfirrmann grade and were explained by the changes occurring during degeneration which reduce water diffusion in NP and lower ADC values, since the ADC value was highly sensitive to changes of water molecules diffusibility which is in concordance with our study.
There was a difference in the degree of correlation in NP, AF, and entire of the disk in our study with "r = − 0.427, r = − 0.199, r = − 0.448" respectively that agree with study done by Niu G, et al. [29] who explained these variations due to biochemical compositions and histologic changes with degeneration, reflected with differences in the degree of correlation in each region.
The area under the curve (AUC) for ADC values in our study were all within the low accuracy range (0.5-0.7) except grade III:IV showing moderate accuracy (0.7-0.9) indicating that ADC value-based grade scale is useful for evaluation of degenerative degree of the intervertebral disk. There was weak negative correlation between age and T2 values of NP and entire of disk with (r = − 0.255, r = − 0.198) respectively with p value (0.002, 0.015) for NP and entire of disk respectively; this matched with Menezes-Reis R et al. [39] . That found [40] , Boos N et al. [41] , and Leung VY et al. [42] analyzed the correlation between the T2 and ADC values and age and reached the result that all the T2 values and ADC values were significantly decreased with the increase of age and spearman correlation coefficient of − 0.594 and − 0387 were demonstrated respectively. This were matched with our results with spearman correlation coefficient of − 0.472 and − 0.448 were demonstrated respectively. These results indicate when compared to ADC that T2 is a more sensitive and advanced measure to quantitatively delineate the early stage and age-related changes in IVDD.
The main result in our current study was that T2 and ADC values differ chiefly in their respective ability to discriminate Pfirrmann grades, as manifested by a completely different area under the ROC curves. Moreover, the T2 measure is more sensitive in differentiating the early stages of disk degeneration especially between grades I and III.
The major limitations in our study were absence of histological correlation with the results, absence of direct relation between the morphological changes of disks and T2 mapping and DWI, also subjective grading of disks by Pfirrmann grading
Conclusion
Our results claimed that T2 relaxometry and ADC values in degenerated lumbar disks negatively correlated with the Pfirrmann grades. More importantly, T2 provides the most sensitive and advanced MR imaging measure for detecting the early stage and aging-related changes in the disks quantitatively; T 2 relaxometry and ADC maps are highly recommended to be added to conventional MRI sequences for all patients complaining of low-back pain for early detection of disk degeneration and follow-up. 
